A novel lectin from the large globiferous pedicellariae of the toxopneustid sea urchin, Toxopneustes pileolus, was isolated by a combination of gel permeation chromatography and affinity chromatography techniques. On an SDS-PAGE gel, single bands were detected with relative molecular weights of 28 and 170 kDa in the presence and absence of 2-mercaptoethanol, respectively, suggesting that this lectin is present as a homohexamer. The 170-kDa lectin was named sea urchin lectin-III (SUL-III). The N-terminal partial amino acid sequence of the intact 28-kDa subunit of SUL-III was determined as follows: RCPQPAALPYRIAQIGNRFL. Agglutination of rabbit erythrocytes by SUL-III was most effectively inhibited by L-rhamnose. SUL-III induced mitogenic stimulation on murine splenocytes. These results suggest that SUL-III may be a novel L-rhamnose-binding lectin with potent bioactivity.
Background
Sea urchins are common marine organism belonging to the phylum Echinoderma. Echinoids have globular or flatted bodies covered by regularly arranged spines and delicate triple-jawed pedicellariae. Approximately 200 species of echinoids are found around the coast of Japan. Six species of Japanese urchins serve as important source of food, whereas several species are dangerous to humans (Nakagawa et al. 2003) . Envenomation is caused by stings from either spines or pedicellariae. The toxopneustid sea urchins, Toxopneustes pileolus, Tripneustes gratilla, and Lytechinus variegatus, have extremely well-developed globiferous pedicellariae that contain biologically active substances (Alender et al. 1965; Feigen et al. 1966; Fujiwara 1935; Kimura et al. 1975; Mebs 1984; Mendes et al. 1963; Nakagawa et al. 1991 Nakagawa et al. , 1992 . Some of these active substances produce deleterious effects such as severe pain, syncope, and respiratory distress (Fujiwara 1935; Walker 1988; Auerbach 1991) . In our research on lectin components as bioactive substances, we have been investigating mitogenicity and/or chemotoxicity in the globiferous pedicellariae of the toxopneustid sea urchin T. pileolus (Nakagawa et al. 1996 (Nakagawa et al. , 1997 .
Lectins are (glyco)proteins possessing at least one noncatalytic domain that recognize and bind reversibly to specific carbohydrates inside and outside cells (Drickamer 1988; Kilpatric 2002; Sharon and Lis 2004) . In recent years, several lectins have also been isolated from various marine invertebrates, including echinoderms (Belogortseva et al. 1998; Dam et al. 1992; Dresch et al. 2008; Giga et al. 1987; Hatakeyama et al. 1994; Himeshima et al. 1994; Kawagishi et al. 1994; Marques and Barracco 2000; Nair et al. 2000; Suzuki et al. 1990) . We have purified D-galactose-specific lectins SUL-I, SUL-II, and SUL-IA from the large globiferous pedicellariae of T. pileolus (Nakagawa et al. 1996 (Nakagawa et al. , 1997 Satoh et al. 2002; Edo et al. 2012) . These findings indicate the presence of multiple lectins in the large globiferous pedicellariae of T. pileolus. SULs may be useful tools for studies on biological functions of cells (Fusetani and Kem 2009) . Therefore, in this study, we attempted to isolate a novel lectin from the large globiferous pedicellariae of T. pileolus.
Methods

Isolation of a pedicellarial lectin
Sixty specimens of T. pileolus (8 to 11 cm in diameter) were collected along the coast of Tokushima Prefecture, Shikoku Island, Japan, from December 2008 to December 2009. The venom protein was extracted from the large flower-like globiferous pedicellariae as reported previously (Nakagawa et al. 1996) . Briefly, for the first step of purification, the venom protein was applied to a Superdex 200 (prep grade, GE Healthcare, Uppsala, Sweden) gel filtration column (1.6 × 50 cm) equilibrated with 0.15 M NaCl solution containing 100 mM D-galactose and was eluted with the same solution at a flow rate of 8 ml/h ( Figure 1A ). Fractions of 2 ml each were collected and analyzed for absorption at 280 nm and screened for agglutinating activity. The final purification was achieved using an immobilized D-galactose column (2 ml) equilibrated with 150 mM phosphate buffer solution (Na 2 HPO 4 73 mM, KH 2 PO 4 37 mM, NaCl 40 mM) (PBS) (pH 7.2). The gel chromatographic fraction (the P-II fraction) was rinsed and washed with the same buffer and eluted with same buffer containing 100 mM D-galacotose at a flow rate of 20 ml/h ( Figure 1B ). Elution fractions (2 ml) were collected and analyzed for absorption at 280 nm and screened for agglutinating activity. Each of the second peaks was pooled and analyzed for electrophoresis, and then used as the purified lectin. Protein assays were performed employing the method of Bradford (1976) using bovine serum albumin as a standard.
Electrophoresis
Blue native polyacrylamide gel electrophoresis (BN-PAGE) was run as described by Schägger and von Jagow (1991) using a 4% to 16% gradient gel. Sodium dodecyl sulfate (SDS)-PAGE was carried out by the method of Laemmli (1970) using a 10% to 20% gradient gel. Protein sample were heated in the presence of 2-mercaptoethanol for 4 min at 98°C. The gels were stained with Coomassie brilliant blue.
Assay of agglutinating activity
Agglutination and sugar inhibition assay were performed in accordance with the method described previously (Nakagawa et al. 1996) using 2% rabbit erythrocytes suspension in microtiter plates. A total of 30 μl of a 2% (v/v) suspension of erythrocytes in 6.4 mM phosphate-buffer saline (PBS) was added to 50 μl of serial twofold dilutions of the sample. The plates were incubated at room temperature for 1 h. The results are expressed as the minimum concentration of the sample (μg/ml) required for positive agglutination. Agglutination inhibition was expressed as the minimum concentration of each sugar required for inhibition of agglutinating activity by the purified lectin.
Mitogenic activity
Mitogenic activity on the murine splenocytes was determined by cell culture assay using 3 (4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Nakagawa et al. 1997) . Splenocytes as the positive control, and the lectin fractions were plated in flat-bottomed microplates and incubated at 37°C in a humidified atmosphere containing 5% CO 2 for 68 h. A total of 10 μl of MTT tetrazolium salt solution (5 mg/ml) was then added to each well, and formazan in the cells was extracted with 10% SDS after 4 h. The optical density of each well was measured spectrophotometrically using a microplate reader (Bio-Rad Lab., Model 680, Tokyo, Japan) at 570 nm.
N-terminal amino acid sequencing
Approximately 3 μg of the sample protein was subjected to SDS-PAGE, followed by electroblotting onto a polyvinylidene difluoride membrane. The membrane was then stained with Ponceau S and destained. The protein band was excised and subjected to automated Edman degradation using the Shimadzu Model PPSQ-10 protein sequencer (Shimadzu Corp., Kyoto, Japan).
Statistical analysis
Data are expressed as mean ± standard deviation (SD). The statistical analyses were performed using SPSS version 16.0 software package (SPSS, Chicago, Inc., IL., USA). The statistical analysis of the results was performed by Dunnett's multiple comparison test when various experimental groups were compared to the control groups, and Student's t test was used for paired or unpaired groups. P < 0.05 was considered statistically significant.
Results
Purification of sea urchin lectin-III
A pedicellarial lectin from T. pileolus was purified by gel chromatography and affinity chromatography ( Figure 1A,B) . As shown in Figure 1B , the gel chromatographic fraction (the P-II fraction) with potent agglutinating activity was applied to an immobilized D-galactose column equilibrated with 150 mM PBS (pH 7.2). SDS-PAGE analysis of the unbound fraction (the IDG-I fraction) identified two bands corresponding to proteins with molecular weights of 23 and 25 kDa ( Figure 1B ). On the other hand, the bound fraction (the IDG-II fraction) contained a single band corresponding to a protein with a molecular weight of 28 kDa. The IDG-I fraction did not induce agglutination with rabbit erythrocytes at higher concentrations up to 400 μg/ml. However, the IDG-I fraction at a concentration of 50 μg/ml exhibited agglutination activity in 10 mM Tris-HCl buffer (pH 7.5)-0.15 M NaCl (TBS) containing 20 mM CaCl 2 . Thus, agglutination induced by the IDG-I fraction was Ca 2+ -dependent (data not shown). In contrast, the IDG-II fraction induced agglutination of rabbit erythrocytes at a concentration of 1.25 μg/ml in a Ca 2+ -independent manner (data not shown).
As shown in Figure 2 , the IDG-II fraction contained a single band corresponding to a molecular weight of 28 and 170 kDa under reducing condition and nonreducing condition (without 2-mercaptoethanol), respectively. Thus, the purified lectin appears to be a hexameric protein that shows Ca 2+ -independent agglutinating activity. This lectin was named sea urchin lectin-III (SUL-III). The N-terminal amino acid of intact 28-kDa subunit of SUL-III was arginine. The sequence of 20 residues from the N-terminus was determined as follows: RCPQPAALPYRIAQIGNRFL. The recovery of SUL-III in terms of protein content was 3.6% of the pedicellarial venom.
Sugar-binding specificity of SUL-III
As shown in Table 1 , the effects of mono-and oligosaccharides on agglutination by SUL-III were examined. Although SUL-III was expected to exhibit affinity for carbohydrate containing galactose residues, the extent of agglutination inhibition differed for each sugar used. The agglutinating activity of SUL-III was most effectively inhibited by L-rhamnose and, to a lesser extent, by lactulose (Galβ1 → 4Fru) and lactose (Galβ1 → 4Glc), suggesting that the hydroxy group at C-1, C-2, and C-4 of the pyranose ring structure may influence sugar binding to the lectin (Table 1) . 
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Mitogenic activity of SUL-III
We found previously that pedicellarial venom exhibited mitogenic stimulation of murine splenocytes (Nakagawa et al. 1997) . Therefore, in this study, the mitogenic activities of the IDG-I fraction and SUL-III were also investigated. As shown in Figure 3 , the IDG-I fraction and SUL-III stimulated mitogenic responses of murine splenocytes, in the dose range of 0.31 to 1.25 μg/ml, respectively. SUL-III caused potent mitogenic responses in murine splenocytes in comparison with the IDG-I fraction. At a lower dose of 0.31 μg/ml, SUL-III had maximum mitogenic activity on murine splenocytes. However, in the dose range of 0.62 to 1.25 μg/ml, SUL-III showed a significant decrease in mitogenic activity. In contrast, the IDG-I fraction induced the sustained mitogenic activity in the dose range of 0.31 to 1.25 μg/ml (Figure 3) .
Comparison of the partial amino acid sequence of SUL-III and catfish lectin
As shown in Table 2 , sequence analysis of intact 28 kDa of SUL-III (170 kDa) determined N-terminal sequence from Arg-1 to Leu-20. SUL-III did not show sequence homology to SUL-I (32 kDa), SUL-IA (32 kDa), SUL-II (23 kDa), and Contractin A (18 kDa) from T. pileolus venom. However, SUL-III was related to SAL (31.7 kDa), which is a rhamnose-binding lectin from catfish (Silurus asotus) roe (Table 2) . Thus, the structure of SUL-III as a hexameric protein may be unique.
Discussion
Sea urchins belonging to the Toxopnesutidae possess extremely well-developed globiferous pedicellariae, which contain biologically active substances. The venomous globiferous pedicellariae of sea urchins T. pileolus and T. gratilla have been studied in some detail (Fujiwara 1935; Okada et al. 1955; Alender et al. 1965; Kimura et al. 1975) . Some of the bioactive substances produce deleterious and pharmacological effects (Nakagawa et al. 1982; Nakagawa et al. 1991; Kuwabara 1994) . In the course of purification studies on the pedicellarial venom of T. pileolus, we have found that the venom contains lectin components (Nakagawa et al. 1996 (Nakagawa et al. , 1997 .
In the present study, we have isolated a novel lectin, SUL-III, from the large globiferous pedicellariae of T. pileolus, using Superdex 200 and immobilized Figure 3 Mitogenic effects of the IDG-I fraction and IDG-II fraction (SUL-III) on murine splenocytes. Splenocytes (5 × 10 6 cells per milliliter) were incubated with the IDG-I fraction or SUL-III for 68 h, and then, the incubation was continued with MTT for 4 h in a CO 2 humidified atmosphere. Data show the mean ± SD of three experiments with determinations in triplicate. *P < 0.05, **P < 0.01, compared with the negative control.
@@ P < 0.01, statistically different between two groups according Student's unpaired t test. (Figures 1 and 2 ). Using SDS-PAGE, SUL-III migrated as a single band corresponding to relative molecular weights of 28 and 170 kDa under reducing condition and nonreducing condition, respectively (Figure 2 ). Therefore, SUL-III was considered to be a homohexameric protein. The N-terminal amino acid sequence of SUL-III was analyzed as follows: RCPQPAALPYRIAQIGNRFL. SUL-III induced agglutinating activity of rabbit erythrocytes at a concentration of 1.25 μg/ml in Ca 2+ -independent manner. The agglutination with rabbit erythrocytes by SUL-III was most effectively inhibited by L-rhamnose (Table 1) . Thus, SUL-III appears to be a L-rhamnose-binding lectin. On the other hand, the IDG-I fraction gave two bands corresponding to 23 and 25 kDa protein on SDS-PAGE under reducing condition ( Figure 1B) . The IDG-I fraction did not cause agglutination with rabbit erythrocytes at concentrations up to 400 μg/ml, whereas it showed agglutination at a concentration of 50 μg/ml in the presence of 20 mM CaCl 2 . This is the first finding about Ca 2+ -dependent lectin fraction (the IDG-I fraction) from the large globiferous pedicellariae of T. pileolus. Further studies may also find some novel lectins from the IDG-I fraction. In this study, we showed that the IDG-I fraction and SUL-III had mitogenic stimulation on murine splenocytes (Figure 3 ). SUL-III exhibited potent mitogenic activity in comparison with the IDG-I fraction. However, in the dose range of 0.62 to 1.25 μg/ml, SUL-III showed a significant decrease in mitogenic activity. The dual response to SUL-III suggests that it may have multiple functions on murine splenocytes (Satoh et al. 2002; Nakagawa et al. 2003) . Previously, we isolated toxins and lectins from the globiferous and large globiferous pedicellariae, such as Contractin A (Nakagawa et al. 1991) , UT841 (Zhang et al. 2001) , SUL-I, and SUL-II (Nakagawa et al. 1999; Suzuki-Nishimura et al. 2001; Satoh et al. 2002) . More recently, it has also been reported that SUL-1A, a D-galactose-specific lectin, as well as SUL-I and SUL-II could be purified from the large globiferous pedicellariae of T. pileolus (Edo et al. 2012) . SUL-IA is a monomeric protein with a molecular weight of 32 kDa. As shown in Table 2 , SUL-III did not show sequence homology to Contractin A, SUL-I, SUL-IA, and SUL-II. However, SUL-III showed sequence homology to SAL, a rhamnose-binding lectin from catfish eggs (Hosono et al. 1999 ). This homology was equivalent to 22% of the 35 N-terminal amino acid residues from SAL. Rhamnose-binding lectins (RBLs) including SAL seem to serve as part of a defense system (Hosono et al. 1999; Watanabe et al. 2008 ). Thus, SUL-III may play a role in innate immunity. Further studies on detailed structure of SULs may advance the understanding of biological functions of pedicellarial lectins from T. pileolus. It has been reported that various carbohydrate recognition proteins, including lectins, are involved in the immune response (Kilpatric 2002) . RBLs have been isolated from various kinds of fish and invertebrates and been found to interact with various bacteria, suggesting RBLs are involved in inflammatory reactions (Watanabe et al. 2008) . In this study, SUL-III showed strong mitogenic activity when added to the culture of murine splenocytes (Figure 3 ). The present results suggest that SUL-III may be a useful tool as a novel mitogen. SUL-III also exhibited effective chemotactic activity on guinea-pig neutrophils (unpublished data). Chemotaxis and phagocytosis by leukocytes play an important role in the defense reactions to infection and injury in vertebrates. Recently, it has been shown that SUL-I induces dendritic cell maturation from human monocytes (Takei and Nakagawa 2006) . Thus, it seems likely that SUL-III is a valuable tool for analyses of the inflammatory and immunity reactions of cells, such as SUL-I (Takei and Nakagawa 2006) and SUL-IA (Edo et al. 2012) . Investigation of the structural features of SUL-III is needed for resolution of the physiological significance of SULs from T. pileolus. Our data suggest that SULs from T. pileolus could become useful probes for investigating the process involved in cell functions.
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Conclusions
A novel lectin, SUL-III was isolated from the large globiferous pedicellariae of T. pileolus, by gel permeation chromatography and affinity chromatography. SDS-PAGE under nonreducing condition showed that SUL-III is a homohexameric protein with a molecular weight of 170 kDa. The agglutinating activity of SUL-III was effectively inhibited by L-rhamnose. SUL-III was shown to have potent mitogenic stimulation on murine splenocytes. The N-terminal partial amino acid sequence of intact 28-kDa subunit of SUL-III was determined up to 20 residues. SUL-III showed sequence homology to SAL, a rhamnose-binding lectin from catfish (Silus asotus) eggs. These results suggest that SUL-III may be a useful L-rhamnose-binding lectin as research tools, which is one of the multiple lectins from the globiferous pedicellariae of T. pileolus.
